Seconds after a cutaneous deafferentation is induced in adult animals, a complex process of plastic reorganization is triggered in the subcortical and cortical structures that form the somatosensory system. This process, which leads to the immediate unmasking of novel neuronal sensory responses, continues to evolve for many weeks and months until most of the neuronal tissue deprived of its original afferent input gains responsiveness to surrounding skin territories. Here, I propose that the existence of dynamic and distributed sensory representations throughout the somatosensory system offers the substrate for the occurrence of immediate plastic remapping of the body surface following either a peripheral injury or a change in sensory experience. r 1997 Academic Press
INTRODUCTION
The past two decades have brought a revolution in our conceptual understanding of the functional organization of the somatosensory system and the role it may play in the generation of a multitude of tactile experiences. The discovery, about 20 years ago, that cortical and subcortical maps are capable of enduring considerable functional reorganization during adulthood (for a review see 1) , following manipulations that range from peripheral sensory deafferentation to alterations in sensory experience, has belied the notion that the functional properties of sensory representations established in early postnatal life, such as neuronal receptive fields and topographic maps, remain unchanged thereafter. Instead of static and immutable maps, the portrait of cortical and subcortical somatosensory maps painted by the studies of Kalaska and Pomeranz (2) , Egger and Wall (3), Dostrovsky et al. (4) , and Merzenich et al. and is one of highly dynamic representations, in which the spatial domains of neuronal receptive fields can shift to nearby or even far away skin regions immediately after alterations in the sensory periphery.
The process of reorganization that occurs in cortical and subcortical maps is known to start a few seconds after the induction of a peripheral sensory deafferentation and to evolve continuously over many months. Given enough time, the size of the initial silent zones, observed at all levels of the neuroaxis immediately after the peripheral lesion, will be considerably reduced and most of the neurons located within these regions will assume novel sensory responses (1) . Sensory plasticity can be triggered not only by a peripheral deafferentation, but also by changes in sensory experience induced by altering the behavioral context of repetitive tactile stimulation (8) (9) (10) (11) , or even by simply modifying motor strategies used by animals to actively explore the surrounding environment (12) . Recent behavioral studies have in fact provided invaluable information about the perceptual effects of sensory plasticity, since improvement in performance in tactile discrimination tasks has been correlated with plastic modifications in the somatosensory cortex (9, 10) . On the other hand, massive cortical and subcortical reorganization (13, 14) may also induce aberrant tactile experiences, such as the phantom limb sensation experienced by amputees (13, 15, 16) , which is often associated with pain (17, 18) .
SHORT-VERSUS LONG-TERM REORGANIZATION
One of the most intriguing observations provided by the early descriptions of plastic reorganization in the somatosensory system was the finding that neuronal receptive field shifts can be detected a few seconds after the induction of the peripheral sensory deafferentation. These short-term effects have been observed independently in the cortex (19) (20) (21) (22) , thalamus (23) (24) (25) , and even in the brainstem (4, 26) . Moreover, when subcutaneous injections of local anesthetics such as lidocaine were used to induce a reversible sensory deprivation, it was found that shifts in neuronal receptive fields lasted only for a few hours (23, 24, 26) . Once the effect of the local anesthetic wore off, neurons returned to exhibit their normal receptive fields. Following these reports in the somatosensory system, similar short-term plastic reorganization has been observed in the adult motor (27) , visual (28, 29) , and auditory cortices (30) , suggesting that the entire neocortex is capable of considerable functional reorganization over a very brief period of time.
POTENTIAL MECHANISMS UNDERLYING CORTICAL AND SUBCORTICAL PLASTICITY
Although the neuronal mechanisms that underlie the phenomenon of sensory plasticity in adult animals have not been fully elucidated, the demonstration of distinct phases of recovery have suggested the existence of at least two major ways of inducing large-scale reorganization in the central nervous system: imbalance of excitation and inhibition and synaptic plasticity. The very fast time course of the receptive field changes observed during the early phase of the reorganization process is believed to involve changes in the dynamic balance of excitation and inhibition throughout the neuroaxis, primarily due to the reduction in afferent-driven tonic inhibition (19) (20) (21) 31) . Support for this hypothesis has been provided by studies which demonstrated that subgroups of peripheral C fibers do exhibit spontaneous firing (32) . By continuously bombarding inhibitory neurons, this tonic afferent activity could contribute to the maintenance of a sustained inhibitory tonus throughout the somatosensory system. Sustained inhibition would maintain sensory neurons in a more hyperpolarized state and contribute to the shaping up of the spatial domain of their receptive fields, since a much stronger excitatory afferent drive would be required to induce these neurons to fire. The finding that subcutaneous administration of capsaicin can lead to immediate reorganization of neuronal receptive fields (31) is consistent with this hypothesis, since spontaneous activity in C fibers is blocked by capsaicin.
Long-term modifications that require weeks or months are likely to involve distinct mechanisms of synaptic plasticity which lead to the strengthening of weak synaptic contacts or even the formation of new neuronal connections (1) . Recent experiments carried out by Garraghty and Muja (33) have suggested that the early phases of this process of long-term reorganization may involve Hebbian-like mechanisms of synaptic plasticity which depend on the activation of NMDA receptors. In a series of experiments in primates, these authors demonstrated that systemic administration of the NMDA blocker 3-((6)-2-carboxypiperazin-4-yl) propyl-1-phosphonic acid (CCP) inhibits the initiation of the long-term cortical reorganization process but does not influence the immediate reaction to median nerve section in adult primates. Synaptic plasticity during the long-term reorganization process may also require the presence of acetylcholine (Ach) (34, 35) and a reduction in g-aminobutiric acid (GABA) (36) . Conceivably, the long-term maintenance of abnormal patterns of firing may also lead to the release of neurotrophins which could induce an increase in axonal and dendritic growth and arborization (37) and the establishment of new neural connections (38) in a matter of a few days (39) .
THE NORMAL FUNCTIONAL ORGANIZATION OF THE SOMATOSENSORY SYSTEM AS A SUBSTRATE FOR CORTICAL AND SUBCORTICAL PLASTICITY
The fact that the somatosensory system is capable of undergoing considerable, and almost instantaneous, plastic reorganization has profound implications for theories on how the somatosensory system actually works. Since the pioneer experiments of Adrian (40) , the existence of cortical and subcortical topographic maps of the body surface has been documented in every mammalian species investigated (41) . Accordingly, the ubiquity of these somatotopic representations has markedly influenced ideas on the basic neuronal mechanisms underlying the genesis of tactile Distributed Processing and Plasticity 
FIG. 2.
Spatiotemporal receptive field of a cortical neuron located in layer V of the primary somatosensory cortex. Notice that the spatial domain of the receptive field varies as a function of poststimulus time.
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Copyright r 1997 by Academic Press perception. Nevertheless, recent evidence suggests that these maps cannot be viewed any longer as static spatial representations. Instead, they seem to be better defined as spatiotemporal representations in which the coupling of spatial and temporal domains results from a dynamic equilibrium between asynchronously convergent excitatory and inhibitory afferents (42) (43) (44) (45) (46) . One can argue, therefore, that the dynamic and distributed nature of these somatosensory representations offers the perfect functional medium for the occurrence of very fast sensory reorganization following changes in the pattern of ascending sensory information.
At the single neuron level, the existence of spatiotemporal receptive fields has now been demonstrated in both the somatosensory and the visual systems by studying variations in the spatial domain of the neuronal receptive field as a function of poststimulus time (42, (46) (47) (48) . These studies have revealed the existence of spatiotemporal receptive fields in both thalamic and cortical structures (42, 43) . At least 42% of the neurons found in the ventral posterior medial (VPM) nucleus of the thalamus, the primary thalamic relay of the rat trigeminal somatosensory system, exhibit time-dependent (15-35 ms) caudal-to-rostral shifts in the location of their receptive field centers (42) . Figure 1A illustrates one of these spatiotemporal receptive fields (RFs). As one can see, its spatial domain can be determined only if one selects a particular moment in poststimulus time. This is because the distribution of response magnitudes for each of the stimulated whiskers varies significantly over the first 50 ms following the onset of the stimulus. As a consequence, the center of this neuron's RF moves from whisker E1 (at 5-10 ms) to whisker E4 (at 20-50 ms). Although all thalamic neurons with short-latency (5-10 ms) RF centers located in caudal whiskers exhibited these time-dependent RF shifts, only rarely did we identify shifts in RF center in the opposite direction, that is, from rostral to caudal whiskers. This directional bias raises the possibility that thalamic neurons can encode more complex spatial information about tactile stimuli and integrate information from many whiskers on a scale of tens of milliseconds. The existence of time-dependent variation in RF centers was not limited to the VPM nucleus. Recently, we have observed that cortical neurons located in the infragranular layers of the rat primary somatosensory cortex also exhibit spatiotemporal RFs (Fig. 2) (49) . The fundamental distinction between the VPM nucleus and the SI cortex is that while thalamic neurons exhibit only caudal to rostral shifts in RF center, cortical neurons are capable of expressing time-dependent RF shifts in all four directions tested (caudal = rostral, rostral = caudal, dorsal = ventral, ventral = dorsal) (49) . Overall, these findings demonstrate that receptive fields cannot be seen as hardwired properties of single neurons; instead they more closely resemble spatiotemporal probabilistic distributions, a configuration that can be easily altered by minimal changes in synaptic strength which would modify the delicate balance of excitation and inhibition that defines a central neuron sensory response.
Interestingly, the establishment of spatiotemporal RFs seems to depend on the expression of normal sensory experience in early postnatal life. Adult rats use synchronous and rhythmic movements of their facial whiskers to actively explore objects and surfaces. We observed that a unilateral section of the facial nerve at Postnatal Day 8-11, which completely interrupts motor innervation to the muscles of the whisker pad, not only disrupts the expression of rhythmic whisker movements throughout the remaining life of the animal, but also considerably reduces the frequency of caudal-to-rostral shifts in the VPM nucleus (12) . A typical example of one of these RFs, observed in the VPM nucleus of an adult rat, that never experienced coherent movements of the whiskers located in his right snout, is depicted in Fig. 1B . Notice that this neuron's RF is smaller than the normal VPM neuron (Fig. 1A) and that its RF center remains around caudal whiskers throughout the poststimulus time.
Figures 1 and 2 also depict another important functional property of the thalamic and cortical neurons that form the rat somatosensory system. Even though a single whisker can usually be identified as inducing the largest sensory response, both thalamic and cortical neurons have very large RFs, which include many whiskers. In fact, quantitative analysis has revealed that thalamic neurons can exhibit statistically significant responses to the stimulation of 13 whiskers, whereas the RF of cortical neurons located in layer V could be driven by an average of 9 whiskers.
The relevance of these large, multiwhisker RFs was clearly appreciated when population maps were reconstructed. This population analysis was possible because in our experiments large cortical and thalamic neuronal ensembles were simultaneously recorded in each animal, while different whiskers were stimulated. By chronically implanting multielectrode arrays containing two rows of eight equally spaced microwires (50), we were able to sample the extracellular activity of many single neurons in a 2-mm 2 area of cortical or thalamic tissue. These experiments revealed that the tactile responses of cortical and thalamic ensembles are highly distributed spatiotemporal representations. Figure 3 illustrates this point by displaying the sensory responses of the same set of cortical neurons following the stimulation of two distinct single whiskers. In this example, population recordings were obtained in layer V of the rat SI cortex. Quantitative analysis indicated that the contribution of individual neurons for these two population maps varied considerably in terms of both response magnitude and latency. Nevertheless, the same set of cortical neurons participates in the generation of a population representation for these and other individual whiskers. Distributed representations like these were also observed in the VPM nucleus of the thalamus (42) and in the spinal nucleus of the trigeminal brainstem complex (44) .
The spatiotemporal nature of the map observed in the rat somatosensory cortex can be clearly appreciated in the example depicted in Fig. 4 . This picture illustrates the time-dependent spread of cortical activation in a series of 2-ms snapshots taken during the simultaneous stimulation of three whiskers (D1, D2, and D3). The spread of cortical activation was plotted as a ''bird's eye view'' of the chronically implanted multielectrode array, whose sampling area included about eight cortical ''barrels.'' At each time epoch, two bars are plotted to represent the two rows (left is lateral, right is medial) of eight electrodes that form the multielectrode probe. Microwires 1 and 9 (right bar) were the most rostral electrodes while microwires 8 and 16 (right bar) were the most caudal ones. In this plot, the magnitude of neuronal sensory responses was normalized and represented in a color-code scheme. In this example, the first sign of cortical response to the stimulus was detected in microwire 1 at 10-12 ms. In about 10 ms, the cortical activation spread to most of the left probe (lateral half of the SI cortex) and started to activate neurons being recorded by the right microwire row (at 16-18 ms). Cortical activity continued to spread and while more and more neurons sampled by the right microwire row become active (from 20 to 30 ms), neurons recorded by the left row of electrodes returned to their basal firing rates.
Based on these and other results, I envision that small perturbations in the balance of excitatory or inhibitory neuronal interactions, which underlie the dynamic nature of spatiotemporal maps like the one illustrated in Fig. 4 , would suffice for the induction of considerable immediate reorganization in the somatosensory system. Moreover, since these perturbations would affect cortical and subcortical structures alike, one should not be surprised by the observation that this reorganization occurs at all levels of the somatosensory system. If anything, the occurrence of isolated immediate cortical reorganization would be rather unexpected. Instead, most of the effects associated with an immediate cortical reorganization likely reflect modifications at subcortical levels (24) , which are superimposed on alterations in intrinsic corticocortical interactions. In fact, recent observations obtained in our laboratory are consistent with this hypothesis (51) . In a series of experiments, simultaneous recordings were obtained from populations of single neurons distributed in the trigeminal brainstem complex, the VPM nucleus, and the SI cortex in the same adult rats, before, during, and after the induction of a reversible sensory deafferentation produced by subcutaneous injections of lidocaine. Minutes after the injection of lidocaine, we observed a simultaneous emergence of novel neuronal sensory responses at all processing levels of the rat somatosensory system. Interestingly, this process of immediate reorganization was marked by a high degree of spatial overlap in the trigeminal brainstem, the VPM thalamus, and the SI cortex. When the spatial extent of the reorganization and the percentage of neurons expressing novel sensory responses were quantified, no statistical difference was observed between the immediate reorganization in the cortex and thalamus (51) . Finally, important changes in minimal response latency, which include both latency reductions and increases, were observed throughout the trigeminal pathway, suggesting that a series of pathways, converging on the same pool of neurons, were affected by the peripheral deafferentation.
It remains unclear, however, how these short-term spatial and temporal modifications will be translated into long-lasting changes in synaptic efficacy and neural connectivity. Further experiments in which chronic and simultaneous multisite neural ensemble recordings are used to continuously track both types of functional changes induced by the reorganization process will certainly provide important information to help us establish these links.
CONCLUSIONS
Much has been learned in the past 20 years about both the immediate and the long-term functional alterations that underlie the process of plastic reorganization. The existence of dynamic and distributed sensory maps seems to provide the brain with the potential to reorganize itself in a matter of seconds following either a peripheral injury or a change in sensory experience. Based on the available experimen-
FIG. 3.
Population maps depict the response of the same set of cortical neurons to the stimulation of two different facial whiskers: C1 (A) andtal evidence, one can outline the most likely scenario that takes place immediately after a peripheral deafferentation is produced. Initially, the reduction in tonic activity in subgroups of small fibers combined with the loss of afferent sensory input leads to the emergence of silent zones and the unmaking of novel neural responses throughout the somatosensory system due to the reduction in afferent-driven inhibition. This phase of the reorganization process is characterized by the establishment of neuronal receptive fields centered in regions surrounding the deafferented skin and by changes in neuronal response latencies throughout the somatosensory system. As this system-wide process of reorganization progresses, one observes a reduction in the expression of GABA in the silent zone. This further reduces the amount of afferent-induced inhibition and aggravates the imbalance of excitation and inhibition. Once a threshold is crossed, this imbalance triggers a series of mechanisms which are responsible for the establishment of long-lasting functional and anatomical reorganization of cortical and subcortical circuits. This involves alterations in synaptic efficacy mediated by the activation of NMDA receptors and sprouting of new connections induced by the activity-dependent release of neurotrophins.
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